Abstract. Nine sandfly species (Diptera: Psychodidae) are suspected or proven vectors of Leishmania spp. in the North and Central America region. The ecological niches for these nine species were modelled in three time periods and the overlaps for all time periods of the geographic predictions (G space), and of ecological dimensions using pairwise comparisons of equivalent niches (E space), were calculated. Two Nearctic, six Neotropical and one species in both bioregions occupied a reduced number of distribution areas. The ecological niche projections for most sandfly species other than Lutzomyia shannoni and Lutzomyia ovallesi have not expanded significantly since the Pleistocene. Only three species increase significantly to 2050, whereas all others remain stable. Lutzomyia longipalpis shared a similar ecological niche with more species than any other, although both L. longipalpis and Lutzomyia olmeca olmeca had conserved distributions over time. Climate change, at both regional and local levels, will play a significant role in the temporal and spatial distributions of sandfly species.
Introduction
How climatic fluctuations influence the ranges of species and how range dynamics shape interactions among species are some of the most intriguing questions in biogeography and evolutionary biology (Svenning et al., 2015; Qiao et al., 2016; Ordonez & Svenning, 2017) . Both have direct implications for conservation biology and epidemiology, among other global human priorities (Dantas-Torres, 2015; Hoberg & Brooks, 2015) . During the Pleistocene, more than 50 glacial/interglacial cycles of varying magnitude were recorded (depending on the information to infer both current and future distributions (Waltari et al., 2007) . The forest refuge hypothesis postulates that forest retraction and fragmentation during glacial periods provoked population isolations, thereby motivating allopatric speciation (Haffer, 1969) . Although evidence of bird diversity and inferred Pleistocene refuges from forest patches both west and east of the Andes was interpreted to support allopatry as a result of fragmentation during the last glacial maximum (LGM), more direct evidence from the Atlantic forest region of South America suggests that forest refugia may not drive species diversity, whereas temporally stable forest areas may be more effective for speciation (Leite et al., 2016) .
It has been proposed that periodic geographic fragmentations resulting from climatic fluctuations have caused genetic diversification and demographic expansions of many insect vector species, including Lutzomyia longipalpis (Arrivillaga et al., 2002; Pech-May et al., 2018) , Triatoma dimidiata (Hemiptera: Reduviidae) (Gómez- Palacios & Triana, 2014; A. Pech-May, personal observation 2018) , Rhodnius prolixus (Hemiptera: Reduviidae) and Rhodnius robustus (Monteiro et al., 2003) . Because these vector species are intimately associated with forest-dwelling hosts and landscapes, understanding Pleistocene species' distributions may provide an important historical biogeographic perspective through which to understand pathogen dispersal patterns and the potential impact of landscape modification (Knowles et al., 2007; Waltari et al., 2007; Stewart et al., 2009) . The leishmaniases represent a wide range of diseases and clinical manifestations caused by multiple species of Leishmania (Kinetoplastida: Trypanosomatidae), transmitted by phlebotomine sandflies. Worldwide, there are more than 800 species of sandfly, of which 93 are suspected or proven vectors of Leishmania spp. (Maroli et al., 2013) . In the North and Central America (NCA) region, which includes the U.S.A., Mexico, Guatemala and Belize, nine of the 62 sandfly species present are of medical importance; these include Lutzomyia anthophora, Lutzomyia cruciata, Lutzomyia diabolica, L. longipalpis, Lutzomyia olmeca olmeca, Lutzomyia ovallesi, Lutzomyia panamensis, Lutzomyia shannoni and Lutzomyia ylephiletor (Biagi et al., 1965; Young & Duncan, 1994; Pech-May et al., 2010 Sánchez-García et al., 2010; Maroli et al., 2013; Moo-Llanes et al., 2013; Peterson et al., 2017) . Case reports of leishmaniases in the NCA region vary widely according to country and bioregion. A total of 42 human cases of autochthonous cutaneous leishmaniasis were reported in the U.S. A. between 1903 A. between and 2014 A. between (Douvoyiannus et al., 2014 , whereas in Mexico, approximately 19 297 cases were officially reported between 1990 and 2017, the majority of which occurred in the Neotropical subregion [Centro Nacional de Programas Preventivos y Control de Enfermedades (CENAPRECE), 2017]. In Guatemala, 5709 cases were reported between 2000 and 2007 (Alvar et al., 2012) , but in Belize the number of cases is unknown (Alvar et al., 2012) . Case reports from all these countries are considered to represent underestimates because in most of these countries there is little or no active leishmaniases surveillance (Alvar et al., 2012; Moo-Llanes, 2016) .
Despite the paucity of human leishmaniases case reports, other studies from the NCA region are beginning to provide information on the transmission ecology of these species. Reservoir hosts and their biotic interactions have been analysed (Stephens et al., 2009; Pech-May et al., 2013) , and vector geographic distributions (González et al., 2011) and potential sandfly ecological niche expansion have been reported with respect to future climate scenarios (González et al., 2010; Moo-Llanes et al., 2013) . A common aspect of most previous studies is their analysis of isolated transmission landscapes, which provides only a partial perspective of historical or current refugia, and potential dispersal. Ecological niche modelling (ENM) of sandflies was first conducted for Brazilian species by Peterson & Shaw (2003) , and subsequently for Mexican species by González et al. (2011) using collection datapoints for L. olmeca olmeca, L. cruciata, L. shannoni, L. panamensis, L. ovallesi and L. longipalpis. The impact of climate change in the NCA region was modelled for L. anthophora and L. diabolica by González et al. (2010) , and was analysed for 28 North American sandfly species for 2020, 2050 and 2080 using Fourth Assessment Report of the United Nations Intergovernmental Panel on Climate Change (IPCC4) scenarios (Moo-Llanes et al., 2013) . More recently, geographic shifts of L. longipalpis have been analysed at a continental scale using ENM .
The LGM (≈ 21 000 years before the present) had the coolest and driest conditions of the Pleistocene overall for the American continent, although patterns across the NCA region were heterogeneous and varied by bioregion. Although glaciation and volcanic activity in the Nearctic (western U.S.A. and northern and intervolcanic high plains of Mexico) produced the most extreme climate conditions primarily in the LGM, the absence of glaciers in the Neotropics (both on the Mexican coasts and south of the Tehuantepec isthmus through Central America) contributed to the driest and coolest period post-LGM (Vazquez-Selem & Lachniet, 2017) . The Mexican and Central American Neotropics (including the Yucatán peninsula) were synchronous with that of the northeastern Andes region, having a greater proportion of carbon from tropical forests in the LGM compared with the pre-industrial Holocene (Haffer, 1969; Prentice et al., 2011; Palacios, 2017) . As temperatures warmed from the LGM to the present, populations isolated in single or multiple refugia often expanded their geographic distributions as new areas became suitable (Waltari et al., 2007) . Despite the shrinkage of forest refugia and subsequent expansion through climate cycles in the NCA region, periodic connectivity among current fragments persisted (Prado & Gibbs, 1993) . The LGM distributions of many animal and plant species have been shown to differ from present distributions, more so in temperate Nearctic areas, where the greatest changes in landscape and climate conditions have historically occurred (Cicero & Koo, 2012) .
The present study was based on the hypothesis that niche projection using LGM climate conditions for nine of the most important sandfly vectors in the NCA region, and their range overlap (where the species interact), would allow for analysis of the persistence or expansion of refugia according to current and future climate conditions. Persistence or expansion were expected to occur differentially according to bioregion and overall climate variation. A robust suite of model algorithms was used to avoid data and individual model bias for the three time periods and the broad continental region analysed. 
Materials and methods

Study area
Modelling was based on the accessible area (Barve et al., 2011) for the U.S.A., Mexico, Guatemala and Belize, the four countries within the NCA region, because sufficient information from other countries within the region was lacking (Alvar et al., 2012) . Data on sandfly occurrence were obtained from Moo-Llanes et al. (2013) , although only data for medically important sandfly species are included in the present anal- L. shannoni and L. ylephiletor (Table 1) .
Model calibration
Unique occurrence points (Moo-Llanes et al., 2013) for each species were used first to define the calibration area for each species' environmental range 'M', because M includes the appropriate environmental conditions for each species' access area for relevant time periods (Barve et al., 2011) . This area for each species was constructed by creating 100-km buffer areas around each occurrence point (Moo-Llanes et al., 2013) . The area for each species was subsequently overlaid (Moo-Llanes et al., 2013) on the ecoregion shape file, as described by Olson et al. (2001) . Thirteen environmental layers were used to construct ENMs; these consisted of nine bioclimatic [Hijmans et al., 2005 (Moo-Llanes et al., 2013) . These bioclimatic variables were selected from 19 by choosing the more meaningful variables hypothesized to limit species distribution at a coarse-grain scale, after analysis of multicollinearity in a correlation matrix. The final dataset layer includes variables with relatively low inter-correlation (r < 0.75) (Moo-Llanes et al., 2013) . The latter layers were used because numerous recent studies have analysed the effects of altitudinal gradients on species occurrence and abundance in insects, particularly because they are affected not only by changes in atmospheric pressure (Hodkinson, 2005; Carmona-Castro et al., 2018) . The layers for latitude and longitude had resolutions of 30 arc-seconds (0.008333 ∘ ≈ 1 km).
Ecological niche models for the nine species were constructed using six algorithms (in three categories) in order to develop a more robust analysis (Carvalho et al., 2015; Ashraf et al., 2017; Moo-Llanes et al., 2017) : presence only (BIOCLIM, envelope score and environmental distances); presence/pseudopresence [GARP and a support vector machine (SVM)], and presence/background (MaxEnt) (Peterson et al., 2012; Carvalho et al., 2015) . The algorithms used were: (a) BIOCLIM; (b) envelope score; (c) environmental distance; (d) GARP (genetic algorithm for rule-set prediction); (e) maximum entropy (MaxEnt), and (f) the SVM. In BIOCLIM, the mean and standard deviation for each environmental variable are used separately to calculate bioclimatic envelopes. The envelopes classify data points as suitable, marginal or unsuitable for presence based on the degree of fitness (for environmental data) of each point (Nix, 1986) . The envelope score uses the minimum and maximum observed values for each environmental variable to define bioclimatic envelopes. The probability of point occurrence is calculated as the proportion of environmental variables for which the values fall within the minimum/maximum criteria (Nix, 1986; Piñeiro et al., 2007) . Environmental distance refers to a genetic algorithm based on environmental dissimilarity metrics (Carpenter et al., 1993) . GARP is a genetic algorithm model that describes the environmental conditions required for the species to maintain populations. As input data, GARP uses a set of point occurrences where the species is known to occur and a set of geographic layers representing the environmental parameters that might limit the species' capacity to survive (Stockwell & Peters, 1999) . Maximum entropy calculates a unique epistemic probability distribution; the least biased distribution that encodes certain given information is that which maximizes the information entropy (Phillips et al., 2004) . The SVM is a set of related supervised learning methods that belong to a family of generalized linear classifiers, also considered a special case of Tikhonov regularization. A special property of SVMs is that they simultaneously minimize empirical classification error and maximize the geometric margin; hence, they are also known as maximum margin classifiers (Cristianini & Shawe-Taylor, 2000) .
Algorithm platforms from OpenModeller (de Souza et al., 2011;  http://openmodeller.sourceforge.net/), DesktopGARP (www.nhm.ku.edu.desktopgarp/), and MaxEnt (https://www .cs.princeton.edu/~schapire/maxent/) were used. All platforms were programmed to randomly divide all occurrence points into training data for model calibration (75%) and test data for model testing (25%) (Anderson et al., 2016a) . The minimum dataset used was for L. ylephiletor (n = 17), for which 12 data points were used for calibration and five unique occurrence sites for model testing. For GARP, 100 replicate models were developed using a soft omission threshold of 20% of the distribution, for each species. The parameters for MaxEnt required the use of a bootstrap for the replicate run type, 500 maximum iterations, and a minimum training presence for the threshold rule (Moo-Llanes, 2016). All models were converted into binary (absence/presence) data based on 95% of occurrence points (Peterson et al., 2012) . All binary models for each species were summed to obtain a map scaled from 0 (zero model) to 6 (six models), and were then reclassified as 'absence' (0) corresponding to 0-3, and 'presence' (1) corresponding to 4-6 (Moo-Llanes, 2016; Moo-Llanes et al., 2017) . In order to visualize variation among the six models generated, non-consensus areas (1-3) from the six models were mapped for four of the principal vector species (L. anthophora, L. diabolica, L. cruciata, L. longipalpis) as a proxy of uncertainty (Carvalho et al., 2015) .
The ENMs were projected for three time periods. For past conditions, climate reconstructions were calibrated and statistically downscaled using WorldClim data for the LGM of the Pleistocene (≈ 21 000 years before the present), the period with the coldest and driest conditions. Two models using these data were utilized: the Community Climate Systems Model (Smith & Gent, 2002) , and the Model for Interdisciplinary Research on Climate (Hasumi & Emori, 2004) . For current conditions, interpolations of observed and representative data from 1950 to 2000 were used (Hijmans et al., 2005) . For future conditions, the ECHAM6 general circulation models (GCMs) (Stevens et al., 2013) for 2050 and 2070 were modelled using the three emission scenarios [representative concentration pathways (RCPs)] from the Fifth Assessment Report (AR5), representing lowest to highest estimated greenhouse gas emissions [2.6, 4.5 and 8.5 (IPCC, 2013) ]. The ECHAM6 GCM has been shown to be the best for atmospheric conditions over the entire NCA region (Pech-May et al., 2016b; Carmona-Castro et al., 2018) .
Model evaluation
The area under the curve (AUC) of the observed line of model performance was divided by the area under the line of random expectations to calculate the partial receiver operating characteristic (ROC) and to evaluate models (software download: http:// kuscholarworks.ku.edu/dspace/handle/1808/10059). Bootstrap manipulations (1000 in total), in which 50% of evaluation data are resampled with replacement and AUC ratios are recalculated, were used to test the hypothesis that model performance was better than random expectation. When 95% of bootstrap replicate AUC ratios were > 1.0, the null hypothesis of performance being no better than random expectation was rejected (Peterson et al., 2008) .
Ecological niche similarity
Two hypotheses for ENM similarity between species were tested: (a) the niche identity test, which hypothesizes that the ENMs of two or more species will be no more different than can be expected randomly if they are drawn from the same underlying distributions, and (b) the background similarity test (niche conservatism), which evaluates the hypothesis that the ENMs for two allopatric species differ more than would be expected given the underlying environmental differences of their distribution regions (Warren et al., 2010 ). Both hypotheses were tested for pairwise comparisons with ENM of all species using MaxEnt, with previously reported parameters, only in the present (Phillips et al., 2004) . The parameters for identity and background similarity tests were 25% random test percentage, bootstrap replicated run type, 500 maximum iterations, and the minimum training presence threshold rule, using ENMtools Version 1.3 (http://enmtools.com/) (Warren et al., 2010; Moo-Llanes et al., 2013) .
Data analysis
The change in geographic niche breadth for each ENM was calculated using the proportion of occupied pixels/total number of pixels for all binary models, and was analysed using the log-likelihood ratio test (G test) for goodness of fit, with Williams' correction for sample size (Sokal & Rohlf, 1995) . The proportion of overlap was analysed among past (LGM), current and future (2050) time periods, and was additionally evaluated for 2050 using three extreme scenarios from AR5 (RCPs 2.6, 4.5 and 8.5).
Hellinger's distance was calculated for all pairwise vector ENM combinations from the present and niche overlap between species was compared with a null distribution to test whether they were significantly different, assuming no niche differentiation. The hypothesis of niche difference is rejected when the empirical observed value for Hellinger's distance is significantly lower than the values expected from the pseudo-replicate datasets (Warren et al., 2008 (Warren et al., , 2010 .
Results
All models were significantly better than random expectation, with partial ROC ratios of > 1 (Fig. S1 ). Sandfly species are distributed in both Nearctic (two species) and Neotropical (six species) bioregions, with high ENM overlap for individual species within each bioregion (Fig. 1) . One species (L. shannoni) is distributed in both bioregions currently, although its ENM does not project to the Nearctic in past or future scenarios. The first of the two species currently distributed uniquely in the Nearctic bioregion is L. anthophora, The ENM of L. shannoni projects principally to the Neotropical bioregion historically, including Mexico, Guatemala, Belize and Florida. However, this species' ENM also projects uniquely in the present to the Nearctic bioregion, specifically across the southeastern U.S.A. (Fig. 1) . All remaining species are distributed only in the Neotropical region. Lutzomyia cruciata projects distribution across the complete Neotropical region of the NCA area, whereas the remaining five species are sympatric and principally restricted to the Yucatán peninsula and
Projected ENMs in the LGM, the present and 2050
The geographic breadth of ENMs for the nine NCA sandfly species for the LGM indicated the highest coverage of accessible area for L. cruciata (43.4%) and the lowest for L. ylephiletor (20.5%) (Table1, Fig. 2 ). At present, the highest proportional coverage of M was for L. olmeca olmeca (45.0%) and the lowest was, again, for L. ylephiletor (22.5%). For 2050, the highest coverage continues to apply to L. olmeca olmeca (66.6%), whereas the lowest now applies to L. diabolica as a result of the expansion of L. ylephiletor (27.6%). The combined LGM, present and future model as a proportion of accessible area was greatest for L. cruciata (79.0%) and lowest for L. longipalpis, indicating that most species have not occupied more than 50% of M (32.4%). The proportion of coverage shared over the three time periods (conserved over time) of the combined temporal ENM projections was greatest for L. longipalpis (51.8%) and least for L. ylephiletor (7.7%) ( Table 1 ). The territorial coverage of ENM models was very high between the LGM and the present, ranging from the lowest shared projection for L. ylephiletor (40.6%) to the highest for L. longipalpis (88.1%) and L. panamensis (80.2%). There were significant differences between LGM and the present only for L. shannoni (G = 5.872, d.f. = 1, P = 0.015) and L. ovallesi (G = 2.218, d.f. = 1, P = 0.016).
There were two patterns of overall temporal changes of ENM distributions for the nine species. Six species have relatively stable proportional coverage of ENM from LGM to the present and to the future (
longipalpis, L. ovallesi).
Although there was a similar proportion of coverage from LGM to the present, there was a significant increase from the present to 2050 in three species: L. panamensis (G = 8.219, d.f. = 1, P = 0.004); L. olmeca olmeca (G = 3.393, d.f. = 1, P = 0.065), and L. ylephiletor (G = 17.923, d.f. = 1, P < 0.0001) (Figs. 2  and 3 ). In these latter three species, expansion is projected west and north of current distributions. It is important to note that the ENMs for the six species with distributions in Guatemala and Belize in LGM and the present do not predict distributions in either country in 2050. Similarly, data for L. shannoni, which is currently present in the southeast U.S.A., do not project distribution in 2050, and hence this species remains uniquely Neotropical in future scenarios. There was no significant difference among RCP scenarios 2.6, 4.5 and 8.5 for the 2050 models for four key vector species, two of which project important expansions in future scenarios (Fig. 4, Fig. S2 ).
Current predicted non-consensus distributions were mapped for two Nearctic and two Neotropical species in order to visualize individual model variation in the composite binary model [no more than three of the six models with presence ( Fig. S3)] . With the exception of L. anthophora, for which uncertainty distribution is principally an extension of the significant composite model, non-consensus distributions were outside the bioregion (L. cruciata), distant from historic or present distributions (L. diabolica), or in regions where the absence of species has been reported (L. longipalpis).
Identity of ENMs and similarity in future scenarios
Ecological niche model identity for six pairwise species comparisons was significant for five species for which similarity based on background (niche conservatism) was also significant: Figs S4 and S5 ). Whereas the identity among cruciata-ovallesi-longipalpis was located in the eastern Yucatán peninsula, the olmeca olmeca-shannoni-panamensis identity occurred in the Yucatán peninsula and Chimalapa/Tehuantepec isthmus region. In addition to these clusters, L. longipalpis and L. panamensis also had significant identity, again in the eastern Yucatán peninsula. In contrast with this identity, there was a significant lack of identity between L. diabolica (Nearctic) and L. shannoni (Nearctic-Neotropical) , and between L. longipalpis (northern Yucatán peninsula) and L. ylephiletor, with the latter's LGM refugia principally south of the Yucatán peninsula, from Belize and Guatemala. All other ENM pairwise identity comparisons were not significant either way. In addition to the species pairs mentioned above, niche similarity (background) was significant for L. longipalpis and L. diabolica, L. ovallesi and L. anthophora, and L. olmeca olmeca and L. cruciata, although the species in the last of these pairs are not allopatric. Interestingly, the ENMs of L. ylephiletor and L. olmeca olmeca were significantly dissimilar, which may derive from the lack of identity between the former and L. longipalpis, as mentioned above.
Discussion
The current study represents the first analysis of sandfly ecological niches under paleoclimate scenarios, and compares these with current and future models, for key NCA Leishmania vector species. Extreme climate changes occurring in the Pleistocene forced the adaptation or selection of most biodiversity, including phlebotomine sandflies, to the resulting biotic and abiotic conditions. Shifts in the distributions of plant species, resulting from climate variation, have also been associated with changes in phlebotomine refuges, and particularly with L. longipalpis complex diversification (Young, 1979; Arrivillaga et al., 2002; Conn & Mirabello, 2007) . It has been proposed that during the Pliocene [5.3-2.6 million years ago (m.y.a.)], Table 2 . Hypotheses for ecological niche similarity among nine sandfly species of medical importance. A significant value (*P < 0.025) implies that a pair of species are ecologically indistinct. Identity is not significant at P > 0.025 ( †), and two species are not significantly more distinct than expected at random (NS).
sandflies may have been subjected to local cyclic drying periods, creating humid resting fragments, which allowed these isolated populations to proliferate (Young, 1979) . Esseghir et al. (2000) described allopatric speciation of Phlebotomus sandflies of the subgenus Larroussius coinciding with the late Miocene-Pliocene. This implies that ice age refugia played little or no primary role in sandfly speciation, although Pleistocene refugia may have created bottlenecks for Larroussius lineages. An alternative hypothesis may be that persistent fragments during the Pleistocene may have provided the stability needed for successful speciation events. The Milankovitch climatic cycles are believed to have generated most of the ecological changes in the northern hemisphere during the Pleistocene and Holocene periods, 1.7 m.y.a. These cycles maintained forest landscapes during the inter-glacial periods, followed by invasions of steppe-like vegetation during glacial phases. The Pleistocene's extreme climate, by contrast, has been associated with divergence of vectors because the diversification of L. longipalpis complex lineages occurred after the middle Pleistocene, probably during inter-cold periods (Pech-May et al., 2018) . Vicariance events that occurred throughout the late Pliocene and Pleistocene (e.g. Andean orogeny) may have driven this diversification (Arrivillaga et al., 2002 (Arrivillaga et al., , 2003 Pech-May et al., 2018) . Ready et al. (1988) found overlap in the distribution ranges of the three Lutzomyia whitmani lineages in different bioclimatic areas of the Brazilian Amazon region, a pattern believed to have persisted after the divergence of regional lineages of L. whitmani in the late Pliocene (2-3 m.y.a.).
The analysis presented herein for the nine species of the NCA region indicates a high degree of spatial stability of ENM projections from the LGM to the present in both bioregions, suggesting that all species probably developed stable refugia during or prior to the Pleistocene. Interestingly, there were few regions to which ENM projected geographically, the predominant Nearctic focus for both species being the northwest Gulf lowlands. In the Neotropical realm, the eastern and southern Yucatán peninsula and Belize-Guatemala belt, the Mexican Gulf coast and the eastern foothills of the eastern Sierra Madre (Veracruz), and the Pacific foothills of the western and southern Sierra Madre (Jalisco to Oaxaca) were persistent foci for multiple species. Two of these species, L. shannoni and L. cruciata, have distributions after the LGM both west and east of the Chimalapas rainforest (Tehuantepec isthmus), an important biogeographic barrier. The remaining five Neotropical species are sympatric in the eastern Yucatán peninsula historically and through to 2050. Overall, the use of six models vs. just GARP (Moo-Llanes et al., 2013) reduced niche breadth for most species in the present and for future scenarios, although general distribution regions were similar to those previously modelled. Additionally, for future scenarios, no significant differences in extreme or stable scenarios emerged between AR4 and AR5 models. Although there were significant differences between AR4 B2 (stable change) and A2 (extreme change) models previously, there was no significant difference in niche breadth between AR5 RCPs 2.6 (reduced change), 4.5 (stable change) or 8.5 (extreme change) in the present study.
By contrast with a high prevalence of low diversity or single species refugia, this group of vectors shows few highly stable refugia, with high phlebotomine diversity, which persists over time, in support of a change in the forest refuge hypothesis perspective (Leite et al., 2016) . At least a quarter of all ENMs are conserved (stable) in all periods. These stable areas should be prioritized for public health services surveillance and interventions (vector-human contact control and prevention strategies). Approximately 86% of all cases of cutaneous leishmaniasis diagnosed in Mexico are reported from the Yucatán peninsula (CENAPRECE, 2017) , where seven stable vector species have been, are currently and are predicted to be present in expanding distributions. The present results reveal a network of similarities among medically important sandfly species, which is important to consider for vector control strategies. Climate change and biological invasions alter the patterns of species distributions and perhaps also those of their abundance (Blois et al., 2013) . These changes collectively would result in novel species assemblages and interactions, particularly between organisms with no previous history of association (Ibarra-Cerdeña et al., 2017) . In recent years, using a novel model to predict biotic interactions using Bayesian probabilities, at least 241 significant associations between sandfly vectors and reservoir hosts in Mexico have been predicted (Stephens et al., 2009 (Stephens et al., , 2016 . Landscape modification may have important impact on zoonotic pathogens because it alters host and vector community composition, and the densities of species, and affects rates of contact between host, human and vector (Estrada-Peña et al., 2014) . Other authors have proposed that biotic interactions are the main drivers of ecological or evolutionary processes, which, in turn, mediate ecosystem responses to climate change (Blois et al., 2013) . Understanding the complex interplay between climate and biotic interactions is thus essential to fully anticipating how ecosystems will respond to increased rates of current warming, which are unprecedented since the last glacial period.
The expansion of species beyond their predicted climate envelopes may result from changes in either the fundamental species' niche (i.e. the sum of ecological contexts in which populations can grow), or the realized niche (i.e. the fundamental niche constrained by biotic interactions), or even both (Broennimann et al., 2007) . In the case of L. shannoni, all historical distribution projects only to the Neotropical region, and to highly stable and persistent distributions throughout the NCA region. Current novel distributions in the Nearctic region of the southeastern U.S.A. do not project to 2050, and hence may reflect transitionally appropriate conditions no longer present in the near future, or overprediction for current models. Landscape modification and extreme climate phenomena may drive shifts in the fundamental or realized niches outside the species' tolerances. By contrast with the coverage and bioregion reductions expected for L. shannoni, three Neotropical species can be expected to show significant increases in distribution between the present and the near future, and, in all three cases, refuges in Guatemala and Belize are no longer projected in the 2050 scenario. Refuge loss was similar among the RCP scenarios, which contrasts with the former loss of warmer region coverage, and suggests that distribution increases may not be climate-driven. These species are considered to have high ecological and genetic plasticity. Lutzomyia olmeca olmeca is currently considered an important vector of Leishmania mexicana in southern Mexico, and, in all three scenarios, has a highly restricted distribution in southern Mexico, Belize and Guatemala. A recent analysis in Campeche suggests that L. olmeca olmeca has low haplotype and genetic diversity (Pasos-Pinto et al., 2017) . Templeton & Read (1994) considered small isolated populations to be the most sensitive to stochastic events, such as size fluctuations and changes in other demographic parameters. Consequently, genetic diversity is greatly reduced by either genetic drift or inbreeding, forcing populations to adapt to new conditions or become extinct. Extreme future scenarios in this study predict that L. olmeca olmeca will increase significantly northward, which may affect its role in parasite transmission. Lutzomyia panamensis is projected to expand similarly to L. olmeca olmeca, through the Chimalapas north along the Gulf through Veracruz. Lutzomyia ylephiletor was the species with the least distribution in the LGM and present, but shows a significant increase in 2050 across the Yucatán peninsula and isthmus.
Although complete niche differentiation among the nine sandfly species in the NCA region is lacking, at least eight species have a niche similar to at least one other species, and that of L. longipalpis was similar to the niches of four (L. shannoni, L. panamensis, L. diabolica, L. ovallesi) . Galati (1995) reported significantly similar ecological niches within each subtribe (Lutzomyiina and Psychodopygina), and also similar interactions between subtribe species (L. cruciata-L. olmeca olmeca and L. longipalpis-L. shannoni). By contrast, Samy et al. (2014) did not find ecological niche similarity for two principal Leishmania major vectors in Egypt [Phlebotomus papatasi and Phlebotomus sergenti (Diptera: Psychodidae)]. Knowledge of stable niche areas, as well as understanding of the expanding geographic areas predicted to include suitable niches in the future, are equally important for long-and medium-term analyses of climate change, although they are driven by different mechanisms. Vrva (1992) proposed that taxa capable of utilizing alternative environments are most likely to persist, despite environmental changes. González et al. (2011) analysed the geographic overlap in relation to leishmaniases transmission areas for nine sandfly species, reporting the highest proportion for L. panamensis (91.08%), followed by L. olmeca olmeca (81.84%), Lutzomyia gomezi (75.91%) and L. ovallesi (70.44%). Moo-Llanes et al. (2013) reported that L. cruciata models have the same ecological niche as Leishmania spp. in NCA. This is similar to other studies in the Old World, which include an analysis of the ecological niche shared between P. papatasi and Le. major in Egypt (Samy et al., 2014) . Lutzomyia cruciata was the species for which the greatest increase in niche breadth was projected in all future scenarios in previous analyses (González et al., 2011; Moo-Llanes et al., 2013) . However, in the present analyses using combined models, there was no significant shift over the three time periods, although in all time periods, coverage was proportionally highest for L. cruciata among the nine species. Pech-May et al. (2003) documented high genetic diversity in this species in Chiapas, and evidence compatible with genetic structuring and a species complex. Throughout its geographic range, this species is considered an important vector of Le. mexicana in Mexico (Pech-May et al., 2010 Sánchez-García et al., 2010) and Belize (Williams, 1966) , but lineages may not have equivalent vector capacity.
Short-term changes (1950-2000 to 2050) in biotic and abiotic factors, such as those caused by agricultural practices, landscape modification, territorial management and human demography, can also have profound effects on disease epidemiology. Incidences of mosquito-borne diseases are among those factors most sensitive to climate (Patz et al., 1996) , and change directly affects disease transmission by shifting the vector's geographic range (Pech-May et al., 2013) , by increasing reproduction and biting rates (Couret & Benedict, 2014) , or by shortening the pathogen incubation period (Morin et al., 2013; Carrington & Simmons, 2014) . Lainson & Shaw (1987) reported variable prevalences of Leishmania in L. whitmani populations according to geographic area, whereas different clinical manifestations caused by Leishmania infantum (= Leishmania chagasi) in South (Brazil and Colombia) and Central (Costa Rica, Nicaragua and Honduras) America have been associated with the saliva composition of L. longipalpis populations (Lanzaro & Warburg, 1995) . The emergence and re-emergence of leishmaniases in the NCA region are only partially associated with ecological or evolutionary changes in the sandfly vectors. Other abiotic variables can influence vector competence and/or capacity, and climate change at either a regional or local level can play a significant role in the temporal and spatial distributions of these vectors. These changes in distribution may also affect the complex and dynamic network of biotic interactions. Coupled with modelling tools, phylogenetic analyses are needed to reconstruct the evolutionary pathways of certain sandfly species, and to assess whether or not current suspected hosts/reservoirs will expand in future scenarios, and whether this will result in transmission expansion.
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